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Abstract

:

In order to achieve a desirable ecological and sustainable agriculture a thorough understanding of the plant-soil mycobiome is imperative. Commercial industrial agriculture alters greenhouse gas emissions, promotes loss of plant and soil biodiversity, increases pollution by raising atmospheric CO2, and releases pesticides, thus affecting both terrestrial and aquatic ecosystems. Diversified farming systems, including perennial cultivated pastures, are among worldwide strategies that aim to reduce terrestrial greenhouse gas emissions and deal with threats to global sustainability. Additionally, stimulation of soil microbes and appropriate soil management can influence soil interactions as well as the rates of organic matter decomposition and the release of gases. Agricultural soil microbial communities play a central role in ecosystem processes and are affected by biocontrol agents, biofertilizers, and exposure to pesticides, the extent to which is yet to be fully elucidated. Intercropping different plant species is beneficial, as this can increase carbon fixation by plants, transferring carbon to the soil, especially via mycorrhizas, thus modifying interplant interactions. This review focuses on agro-ecosystems, showing the latest advances in the plant-soil interface (the mycobiome) for an eco-efficient agricultural production.
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1. Introduction


Research on soil mycobiome [1], phytobiome, or plant microbiome is currently increasing along with increased interest on the mycorrhizosphere [2]. At the same time, generating further information to help navigate towards an ecological and more sustainable agriculture is the focus of academics, non-governmental associations, and farmers.



Attention to the fungal communities (mycobiomes) and information on environmental biodiversity is required for policy and decision makers [3]. New projects dealing with plant rhizosphere and the associated microbiota have been proposed, as most plants associate with microorganisms in a mutually beneficial way (symbiosis); for example, one plant species can host different species of endophytes and root symbionts, among other interactions [4]. Soil micro-organisms have diverse distribution patterns, and high biodiversity can be found in particular ecosystems [5], however, we do not understand yet the complexity of microorganisms present in these interactions and their roles, including the association between arbuscular mycorrhizas (AMs) hyphae, and soil microbiota, in the “Hyphosphere” (soil volume under direct influence of AM fungal hyphae) [6] (Figure 1). Soil micro-organisms have diverse distribution patterns, and that high biodiversity can be found in particular ecosystems [5]; however, understanding the processes underlying the plant microbial interactions both in natural and semi-natural ecosystems is of crucial importance [5].



It is known that industrial agriculture and livestock alters greenhouse gas emissions, promotes loss of biodiversity, and increases pollution by fertilizers and pesticides, which can result in soil degradation [7]. Fortunately, increasing scientific research worldwide points to the preference for the establishment of more ecological sustainable farming systems [7,8]. Thus, linking microbial ecological interactions to global nutrient cycling, chemical pollution, green-house gas emissions, carbon (C) and nitrogen (N) management in natural or managed ecosystems within the context of global biodiversity alterations, and microbial diversity loss, is needed [5].



This review shows how eco-efficient agricultural production can be improved by increasing use of biofertilizers and biocontrol agents, adopting perennial cultivation practices, and decreasing greenhouse gas emissions. Types of agro-ecosystems to mitigate global change constraints and projects including diversified farming systems with an emphasis on agroecology are discussed.




2. The Soil Mycobiome


The soil mycobiome [1] has been discussed by several reports, most of them dedicated to investigating the phytobiome or rhizosphere (Figure 1). However, the fungal communities (mycobiomes) constituting a large portion of the soil microbes are central in maintaining soil processes, which finally affect the functioning of terrestrial ecosystems.



Most soil fungi are endemic to particular bioregions, suggesting that factors operating at large spatial scales, like dispersal limitation or climate, are the first-order determinants of fungal community structure in nature [1]. Soil micro-organisms display diverse distribution patterns [6] and high biodiversity can be found in particular ecosystems, as different habitat types (tropical forests, temperate forests and anthropogenic ecosystems) can sustain diverse fungal communities.



In organic orchards of semi-arid lands [9], and artificial grasslands and cultivated areas [10], the occurrence and diversity of arbuscular mycorrhizal fungi, which are considered significant biofertilizers (see next section), is an important outcome. Moreover, several arbuscular mycorrhizal fungi show a global distribution (Glomus intraradices/fasciculatum group, G. mosseae, G. hoi, as well as the Glomus and Scutellospora [8]).




3. The Plant-Soil Mycobiome


Additional environmental information on climate change, natural resource depletion, biodiversity loss, and environmental health is required for policy and decision makers [3]. New projects dealing with plant rhizosphere are progressively being proposed and thus, the number of reports on this topic is increasing (Table 1). One of them, by F. Buscot in Germany, deals with multitrophic interactions of oak [11] and aims to show how the interactions impact the rhizospheric microbial community. Other projects intend to evaluate the ecological-economic integrity of soil cultivated with genetically modified crops (by P. H. Krogh, Aarhus University, for example).



Most plants associate with microorganisms in a mutually beneficial way (symbiosis): legumes associate with rhizobial bacteria, and legumes and non-legumes associate with other soil microorganisms, especially with fungi, such as arbuscular mycorrhizal fungi (AMF) (Glomeromycota), which are natural biofertilizers that constitute the mycorrhizosphere [2]. The saprophytic capability of ectomycorrhizas has been shown; however, for AMF, more detail is required to better understand their capacity to use organic N. Moreover, the “Nitrogen Paradox” suggested that N fertilization of AM plants is only beneficial if the plant is limited by P [12]. Moreover, N constraints can limit the promotion of plant biomass due to CO2 fertilization [13].



Mycorrhizas connect dissimilar environments: plant and the adjacent soil, participating in plant mineral nutrition, water acquisition, carbon distribution, tolerance to abiotic and biotic stresses, and interplant competition [14,15]. Recently, reports by Jansa et al. [14] questioned the hyphae-associated microbes and their functions in the soil-plant system. Some theories stress the occurrence of highly specialized microbial communities colonizing the surface of mycorrhizal hyphae in the soil, or that the specific associative microbes are rewarded by fungal carbon like “hypersymbionts” (i.e., symbionts of symbiotic mycorrhizal fungi). Hyphae-associated microbes can also release bioactive compounds, also suggesting some of the effects of plant–plant interactions, as the hyphal networks have been shown to transfer the allelopathic in the soil [16].



It is known that the mycorrhizal hyphae are influenced by soil prokaryotes, other fungi, protozoans, nematodes, and other organisms. Moreover, differences were observed in the associated soil microorganisms with regard to non-hyphospheric soils [16,17]. Jansa et al. [14] stressed that the existence of a specific microflora on the mycorrhizal hyphae or a specific hyphosphere remain mostly unclear and that those knowledge gaps need further investigation.



Other symbioses are present in legumes (rhizobia) or in actinorhizal plants such as Alnus sp., Casuarina sp. [18], and in some genus of Rosaceae (Cercocarpus, Chamaebatiaria, Dryas, Purshia) [19]. Actinorhizal plants can form root nodules in symbiosis with the nitrogen-fixing actinomycete Frankia, which permits plant succession after flooding or fires, and they have worldwide distribution [20,21]. This symbiosis is important for forestry and agroforestry purposes, as actinorhizal species can increase soil nitrogen content [22]; however, this symbiosis has been poorly studied. Moreover, some strains of Frankia can proliferate in the litter, being potential saprophytic [23]. Frankia symbionts are filamentous, gram-positive, N-fixing bacteria. Frankia was found to be associated with 25 genera of host plants (eight families) comprising more than 220 species [24,25].



Frankia have been classified in three groups based on the host plant family [25]:

	
Alnus (Betulaceae)/Myricaceae/Casuarinaceae group,



	
Eleagnaceae/ Rhamnaceae group,



	
Frankia symbiotic with actinorhizal plants (Coriariaceae, Datiscaceae, and Rosaceae) and the genus Ceanothus (Rhamnaceae)








Furthermore, Frankia strains within a single host group also exhibit some degree of genetic heterogeneity, yet the patterns and causes of this heterogeneity are less well understood [18] despite their great potential.



On the other hand, non-symbiotic microorganisms, the saprothrophic fungi, can benefit plants by playing different roles in the plant-soil compartment. Species of Trichoderma are among the natural biocontrol agents, also included in commercial biofungicides [26], biofertilizers, and soil amendments [27]. Trichoderma is cosmopolitan and predominant in different ecosystems in a wide range of climatic regions. Moreover, these versatile fungi can be theoretically isolated from different agricultural fields. The species occurrence is controlled by several factors including microclimate, the availability of substrates, and intricate ecological interactions. The rhizospheric soil is frequently its ecological niche, as the presence of other soil fungi that can be their prey and rich plant root derived material is also influential [28]; however, it can also be isolated from artificial substrata, with the presence of xenobiotics. Some species occur as plant-endophytes, promoting plant growth, decreasing drought stress effects, and preventing plants against diseases [29].



Regarding conservation agricultural practices, it is known that soil organic carbon (SOC) distribution is affected along the soil profile. Maintenance of crop residues on the soil surface (non-tillage) and root C input can promote SOC accumulation in the 0–30 cm of the soil profile. Thus, C content and quality in the top layers model the vertical distribution of soil organic carbon depending on the local soil conditions [30]. Perennial cultivation practices also contribute to carbon fixation and soil organic matter content (higher soil C sequestration), being part of the strategy for reducing terrestrial greenhouse gas emissions worldwide.



Regarding leaf-inhabiting mycobiome diversity, some studies have compared plant-associated fungal communities (mycobiomes) in diverse habitats and under different climates. In this sense, Unterseher et al. [31] observed differences between the plant-associated fungal communities (mycobiomes) from Fagus sylvatica from natural habitats and from a managed tree nursery. They found low mycobiome diversity in the artificial habitat (nursery). This pointed towards a pronounced importance of local conditions for the structure of plant mycobiomes and for a close interrelation of phyllosphere fungi and leaf physiology [31].




4. The Mycobiome in Anthropogenic Soils


On-farm biopurification systems [32] or farm management practices such as biofertilization [33] are increasingly studied to help minimize agricultural contamination and for sustainable production. Several toxic compounds (pesticides and other substances) from polluted wastewater sources generated in the farmyard can affect the associated microbiomes [34]. Martini et al. [35] showed a high proportion of bacteria tolerant to antibiotics or heavy metals, isolated from on-farm biopurification systems (biofilters) used for pesticide removal from wastewater in intensive agricultural systems.



Anthropogenic compounds have an effect on microbial communities, soil microbial diversity, and can also affect some biochemical reactions. Hussain et al. [36] compiled information on negative (most reported) and positive (less reported) effects of applied pesticides on soil health. Among them, a decrease in abundance of beneficial soil microorganisms and their biotransformation in the soil, inactivation of nitrogen-fixing and phosphorus solubilizing microorganisms, and a decreased biological nitrogen fixation, were reported.



In agro-ecosystems, the influence of organic versus conventional farming strongly influences the value of soil microbiological activity. Organic farming can modify the structure, richness, evenness, and dispersion of the soil microbiota when compared with managed soils under mineral fertilization (See Fließbach et al. 2007) [37].



Some positive effects of applied pesticides on soil health were also reported, such as herbicides (Glyphosate) that increase fungal activity [38] or increased organic matter (and consequent microbial activity) due to fungicides. Imfeld and Vuilleumier [39] reviewed the responses of the soil bacteria to pesticide exposure in agricultural soils; however, they concluded that the understanding of the bacterial community composition and dynamics, and its roles for ecosystem processes, in the context of introducing pesticide mixtures, is still insufficient.



The use of prepared on-farm AMF inoculum can increase plant yield with minimal change in farm management even in a high P soil [33]. Biomixtures (biobed organic substrate, active part of biopurification systems) were also bioaugmented with degrading ligninolytic fungi in a composition of 50:25:25 (lignocellulosic substrate:humic component:soil), but the formulation will depend on the target pesticide to obtain their optimal performance [32].



The increased chemical inputs and deleterious effects on the soil ecosystem are not completely studied. We know that toxic chemicals and different plant physiological disorders of current monoculture destroys the wild ecosystem [40]. However, the effect of manures, wastes, residues, compost, and biochar amendments to the soil system is increasingly studied worldwide, as organic systems are more profitable.



The adoption of natural soil conditioners by commercial agriculture is slowly increasing, but organic agriculture has rapidly adopted the addition of natural residues on horticultural plants and crops, and compatibility among biofertilizers and soil conditioners. To support sustainable agricultural systems and to deal with the effects of global change, the associated plant-soil microbial communities need detailed assessment.



The mycorrhizal symbiosis, application of compost (selected urban waste) [41], efficient phosphate solubilizing microorganisms [42], microbial inoculants, and biochar [43] as well as other soil conditioners (See Kumar [44]) for crops and agroforestry practices are increasingly being investigated worldwide.



Some agroecosystems that have more economic interest such as coffee, olive, and vineyards, including their associated microbiota, are the focus of new technologies for cultivation.



To study the microbiome in crops, the effects of different soil conditioners, and their agricultural implications on agronomical successions and organic matter decomposition, needs to be understood.



Moreover, ectomycorrhizal plants can model associated symbiotic fungal communities according to anthropogenic disturbance or climate change by modifying interplant interactions. Potential impacts on the establishment and growth of seedlings dependent on interplant transfer of hydraulically redistributed water via mycorrhizal hyphal networks linking the roots of neighboring plants will be crucial for plant survival during drought periods. Different fungal species (drought-sensitive hydrophilic or drought-tolerant hydrophobic) can have different effects on hydraulic redistribution patterns. This was shown for Mediterranean pine woodlands with climate change-induced alteration of ectomycorrhizal fungi (EMF) abundance and community composition increasing dominance of hydrophobic EMF relative to hydrophilic EMF with climate warming and drying [45].




5. Latest Advancements in the Mycobiome of Tropical Agro-Ecosystems


Commercial industrial agriculture alters greenhouse gas emissions, promotes loss of biodiversity, and increases pollution including atmospheric CO2. Increased plant photosynthetic activity and improved C fixation by plants can transfer more C to the soil via mycorrhizas. However, stimulation of other soil microbes and appropriate soil management (soil N and organic matter quality) can influence soil decomposition. Increasingly use of perennial cultivated pastures contributes to carbon fixation, soil organic matter content (higher soil C sequestration), and can decrease greenhouse gas emissions. Types of agro-ecosystems to mitigate climate change constrains and projects including diversified farming systems with an emphasis on agroecology are among worldwide strategies for reducing terrestrial greenhouse gas emissions.



Management of vulnerable areas in South Asia and Africa cultivated with maize and wheat, for example, were reformulated for sustainable food production with “conservation agriculture” [46]. In Latin America, increasing interest in C sequestration points to better management in pasture systems. International projects such as “Carbon Sequestration Project, The Netherlands Cooperation CO-01002” on soil C sequestration in pastures and forest-pastoral systems, promote these studies [47].



In South America, integrating cropping livestock systems reduces irrigation and energy needs in comparison to monoculture; however, there is insufficient scientific information to optimize agroforestry adoption [48]. Moreover, pastures with intercropped grasses and legumes can increase the production, the forage quality, and the profitability and sustainability of these systems in tropical regions [49]. Species of Brachiaria and Panicum are mainly included in tropical agro-systems [50]. Tropical pastures such as Urochloa decumbens syn. Brachiaria decumbens Stapf under no-till cultivation, are commonly used due to its adaptation and large root system (2 m depth). Thus, substantial amounts of straw can be deposited on the ground in addition to a greater amount of root decomposition, which allows for a network in the soil for gas exchange, and for water infiltration [51].



If given due consideration, modern crop system designs providing multiple environmental benefits [52] could play a pivotal role in the conservation of agro-ecosystems, especially under predicted climate change scenarios. The objective of this review was to evaluate the advancements in tropical agro-ecosystem management, under climate change constraints in tropical regions.



Information on the impacts of climate change on forest management is being increasingly accumulated; however, more actions are necessary to guarantee forest goods and services to mitigate impacts on forest management [53]. Recently, Federici et al. [54] showed that CO2 emissions from forests have decreased significantly, especially in Brazil. Many of the current greenhouse gas emissions (>30 percent) arise from the land use segment, and the reduction of emissions from agriculture, forestry, and other land uses is urgently needed as C sequestration may provide large-scale removal of greenhouse gases from the atmosphere, through plant photosynthesis [55]. In this context, the study authors pointed out five major strategies for reducing terrestrial greenhouse gas emissions: enriching soil C, farming with perennials, climate-friendly livestock production, protecting natural habitats, and restoring degraded watersheds and rangelands. As an example, Eucalyptus and other fast-growing trees can fix 0.26 t eq. carbon/m3 of wood in a seven-year cycle, and thus, 500 trees per hectare in integrated crop-livestock-forest systems managed for wood production, cut in the tenth year, could fix 3.71 t eq. C [56,57].



The effect of abiotic environmental factors (temperature, humidity, light, water supply, nutrients, and CO2) vary with their intensity and determine plant growth, and increasingly represents a research topic of importance nowadays for climate change effects mitigation. Climate change is likely to have a significant impact on soil moisture and temperature conditions [58,59]. It is known that plants under climate change can respond in the following ways: tolerate, evolve, disperse, or die. Plant species may simply tolerate new conditions and persist; however, trees cannot rapidly evolve to cope with climate changes (generation times are usually long) (Reviewed by Booth et al.) [60].



In hot and humid conditions, the amount of precipitation is enough for the growth of plants, even if it primarily occurs through seasonal rain events, as is the case in some regions with precipitations of 1000–2000 mm per year. In savannah regions, such as the Cerrado vegetation in Brazil, where rains are seasonal, concern for water conservation should be greater. As it rains only part of the year, the planned distribution of trees even more strongly favor conditions that allow the largest possible amount of water to infiltrate and not wash away the soil surface, initiating erosion [61].




6. Redesigning Agro-Ecosystems for Sustainability


The most important vegetation parameter for soil erosion control as well as provisioning of plant products, invasion resistance, pathogen and pest regulation, soil fertility regulation [62], and interaction with communities of microorganisms [63], is plant cover. Moreover, better appreciation of the phytomicrobiome [64,65] will help in increasing the understanding of crop cycles [66]. Knowing the mycotrophic status of plant species is an important piece of information for plant cultivation, ecological restoration, and for screening for plant stress tolerance. AMF are considered to be of great importance for improving the mineral nutrition of the colonized plants, as their hyphae can access microsites [14,15]. Currently, circa 3617 plant species associate with AM [67]; however, it is estimated that 200,000 plant species could harbor this symbiosis [68]. The number of reports is continuously increasing. In 2012, 3941 colonized species were compiled [69]. These plant-microbe strategies can result in a better stress-alleviation [49]; however, the study of AMF contribution in agro-systems such as integrated crop–livestock agroecosystems is scarce [70]. The decrease in soil quality and in the observed AMF populations, as well as increased diseases and invasive species observed in conventional agro-ecosystems [71], has led to urgent examination of integrated cropping–livestock systems mainly for research [72] being essential for quantifying the potential advantages of mixed systems, and atmospheric C mitigation capacity.



The integrated agro-ecosystems can improve water retention and water quality despite climate change mitigation [73]. There is a lack of studies on different soil depths. In general, the studied soil depth is specified in each reported paper. In most cases the sampled depth is superficial. It is known that the root system of pastures can reach 2 m or more, which has important implications on soil and crops to be cultivated in the future. Thus, roots grow more, leaving more residues in the soil profile (dead roots) and in the surface (mulch) [59].



The literature highlights a variety of crops and vegetation which are useful for integrated crop-livestock systems. The choice of agroforestry tree species would have great implications for the occurrence of AMs, ecosystem services, and soil fertility; however, the use of different plants species and technologies needs more study [46,59]. Legumes are of particular interest, and several tree legumes have been tested in integrated tree-livestock systems, such as Leucaena leucocephala, Gliricidia sepium, Prosopis juliflora, Cratylia argentea, and Mimosa caesalpiinifolia [74].



Continuous improvements are essential to achieve more sustainable agro-ecosystems, as well as to improve pastures, especially in Brazil, an agricultural country [50]. To date, forage breeding programs have contributed to the development of improved pastures and cultivars of Brachiaria brizantha, Brachiaria decumbens, Brachiaria humidicola, and Panicum maximum (main pastures used in Brazil). In addition to this, commercial crops such as soybeans, maize, or beans can be cultivated between rows of forest trees for the first two or three years after the trees have been planted allowing cultivation of maize or sorghum, and subsequently the established pasture between the tree rows is grazed by cattle until the trees are harvested [75]. One approach is to grow Brachiaria sp. and Eucalyptus sp. Integrated crop–livestock systems can promote synergy between agricultural production and environmental quality mimicking the reality and diversity of natural rural systems [51,53]. In this context, the mycorrhizal fungi are crucial contributors of the phytomicrobiome (the complex plant associations with microbial communities [76]), and interactions with plant roots are also of importance in the rhizomicrobiome [64,66,77].



Recently, there has been much greater interest in the use of different microbial species and strains of rhizobacteria and fungi, including Trichoderma, Piriformospora, and nonpathogenic Fusarium oxysporum to promote plant growth and to protect plants from stress [78]. Thus, the importance of developing strategies that re-shape the rhizospheric microbiome for biofertilization, and the importance of root growth stimulation, antibiosis, induced plant systemic resistance, parasitism, and rhizoremediation is nowadays recognized [78].



Thus, projects with an emphasis on agroecology, especially for systems-based research in biologically diversified farming and ranching systems, are considered to be of high importance. The use of soil amendments, such as biochar and compost, in combination with Brachiaria pastures is promising. Further studies evaluating the types of plant biostimulants based on multispecies consortia may address a better understanding of the phytomicrobiome, and bring sustainable, consortia-based products to sustainable agriculture.




7. Conclusions


This review was undertaken to explore the current information on tropical agro-ecosystem management with regard to the plant-soil mycobiome, and also focused on climate change constraints. Thus, relevant findings related to the benefits of plant-phytobiome management by increasing productivity or stress tolerance, mostly in South America, were highlighted. Accordingly, research paths necessary for the increased understating of ecosystem function, such as AMF occurrence and benefits, were presented.



Finally, the evidence presented here emphasizes the need to consider the use of symbiotic fungi for management practices in the environments that they are normally found. The choice of vegetal species would therefore have great implication in the manipulation of agro-ecosystems. Importantly, increasing appreciation that most agro-ecosystems need better management has deep consequences for climate mitigation.
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	AM
	Arbuscular mycorrhizas
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	Arbuscular mycorrhizal fungi



	EMF
	Ectomycorrhizal fungi
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Figure 1. Schematic representation of the agriculture systems showing some characteristics and the different plant-soil compartments. 
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Table 1. Journal articles dealing with symbiotic plant and soil mycobiome.
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Key Words

	
Total Number of Journal Articles

	
Number of Journal Articles/Period †






	
Plant Microbiome

	
822

	
742
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37

	
23




	
Plant + Mycobiome

	
13

	
12




	
Phytobiome

	
14

	
14




	
Soil + Mycobiome

	
5

	
5
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